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FOREWORD- 


The  material  presented  in  this  report  .s  a  preprint  of  a  paper  to  be  presented 
at  the  First  International  Congress  on  Instrnmentation  in  Aerospace  Simulation 
Facilities,  28-  29  September  1964  in  Paris,  France.  The  report  is  therefore 
printed  in  the  format  of  the  Congress. 

The  instrumentation  described  In  this  report  ts  installed  in  the  Flight  Physics 
Range  of  GM  Defense  Research  Laboratories,  General  Motors  Corporation, 
and  is  used  in  an  experimental  research  program  investigating  the  flow-f.e 
variables  associated  with  hypersontc-veloctty  projectiles  in  free  fllg  un  er 
controlled  environmental  conditions.  This  research  is  aupportel  >>y  ‘he 
Advanced  Research  Projects  Agency  under  Contract  No.  DA-04-495-OR  - 

The  present  report  is  one  of  a  series  of  related  papers  covering  various 
aspects  01  the  above  program.  It  ts  intended  that  this  series  of  reports  will 
provide  a  background  of  knowledge  of  the  phenomena  Involved  m  the  basic 
study,  and  will  thus  aid  In  a  better  understanding  of  the  data  obtained  in  e 

investigation. 
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Abstract 

Millimeter  wavelength  radars  are  being  usedto 
study  the  plasma  effects  associated  with  the  ionized 
flow  fields  of  projectiles  launched  at  hypersonic 
speeds  into  a  free -flight  ballistic  rangeY/Two  CW 
doppler  radars,  which  operate  at  frequencies  of 
35  and  70  Gc,  are  used  to  measure  the  nose-on 
backscattering  radar  cross  sections  of  projectiles 
during  their  flight^ 

y  The  design  and  performance  of  the  two  radars, 
which  operate  simultaneously  through  a  wire-grid 
beam  splitter,  are  described  in  detail  JA  doppler 
signal  simulator  provides  absolute  calibration  of 
each  radar  so  that  the  dynamic  radar  cross 
section  of  the  projectile  in  flight  can  be  measured 
to  within  ±one  decibel. 

The  purpose  of  this  millimeter  radar  instru¬ 
mentation  is  to  measure  the  changes  that  occur 
in  the  radar  cross  sections  of  hypersonic  pro¬ 
jectiles  caused  by  their  highly  ionized  flow  fields. 
It  has  been  observed  that  under  certain  conditions 
the  nose-on  backscattering  radar  cross  section  of 
a  blunt-nosed  metal  projectile  decreases  drasti¬ 
cally  when  a  thin,  shock- produced  layer  of  ionized 
gas  covers  the  projectile.  A  theoretical  analysis 
of  this  effect  is  given.  The  details  of  the  radar 
cross-section  changes  are  intimately  related  to 
the  spatial  distribution  of  ionization  in  the  bow- 
shock  region.  Comparisons  between  theoretical 
predictions  and  experimental  data  show  good 
correlation. 

I.  INTRODUCTION 

Millimeter  wavelength  radars  are  being  used  at 
GM  Defense  Research  Laboratories  to  study  the 
plasma  effects  associated  with  the  ionized  flow 
fields  of  projectiles  launched  at  hypersonic  speeds 
into  a  free -flight  ballistic  range  under  controlled 
environmental  conditions.  Two  CW  doppler  radars, 

♦Part  ot  the  work  described  in  this  paper  was 
sponsored  by  the  Advanced  Research  Projects 
Agency,  Department  of  Defense,  U.S.  A. ,  Con¬ 
tract  No,  DA-04-495-ORD-3567(Z)  as  part  of 
project  ’’Defender".  Related  c  or  por  at  ion -funded 
research  conducted  at  GM  DRL  is  also  described. 


which  operate  at  frequencies  of  35  and  70  Gc,  are 
used  to  measure  the  nose-on  backscattering  radar 
cross  sections  of  projectiles  during  their  flight  at 
speeds  up  to  23,000  ft/sec  through  a  chamber  in 
which  ambient  pressures  from  one  atmosphere 
down  to  1  mm  Hg  can  be  maintained.  The  ra  iars 
operate  simultaneously  with  a  common  beam  axis 
by  the  use  of  a  wire -grid  beam  splitter.  An 
important  feature  of  each  radar  system  is  a 
doppler  signal  simulator,  which  provides  absolute 
calibration  of  each  radar  so  that  the  dynamic  radar 
cross  section  of  the  projectile  in  flight  can  be 
measured  to  within  ±one  decibel  relative  to  a 
square  wavelength. 

A  specific  experimental  program  in  which  the 
millimeter  r  adars  are  currently  being  used  is 
described  here  to  illustrate  their  utilization.  The 
purpose  of  this  program  is  to  measure  the 
changes  that  occur  in  the  radar  cross  sections  of 
hypersonic  projectiles  caused  by  their  highly 
ionized  flow  fields,  and  to  relate  these  changes  to 
the  flow-field  properties.  It  has  been  observed'1  ’  ^ 
that  under  certain  conditions  the  nose-on  back- 
scattering  radar  cross  section  of  a  blunt-nosed 
metal  projectile  decreases  drastically  when  a  thin 
shock- produced  layer  of  ionized  gas  covers  the 
projectile.  A  theoretical  analysis  of  this  effect  is 
given  here.  It  is  shown  that  a  thin  layer  of  over- 
dense  plasma  spreading  from  the  stagnation  point 
around  the  nose  of  the  projectile  causes  electro¬ 
magnetic  diffraction  and  absorption,  both  of  which 
decrease  the  backscattered  electromagnetic  power. 
The  details  of  the  resultant  radar  cross-section 
changes  are  intimately  related  to  the  spatial  dis¬ 
tribution  of  ionization  in  the  bow-shock  region, 
and  hence  are  a  sensitive  indicator  of  the  flow  - 
field  properties.  Comparisons  between  the  pre¬ 
dictions  of  the  theory  presented  here  and  experi¬ 
mental  data  obtained  in  the  GM  DRL  ballistic 
range  show  good  correlation.  , 

R.  DESCRIPTION  OF  RADARS 
General  Discussion 

An  artist’s  impression  of  the  installation  df  the 
two  radars  on  the  ballistic  range  is  shown  in 
Figure  1.  The  two  radars  are  permanently 
installed  for  simultaneous  operation  with  a 
common  beam  axis.  The  antenna  beams  fronvthe 
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two  Individual  radar  antennas  are  combined  by  a 
wire  grid.  This  wire  grid  transmits  the  70  Gc 
beam,  which  is  polarized  perpendicular  to  the 
wires,  and  reflects  the  35  Gc  beam,  which  is 
polarized  parallel  to  the  wires.  The  resultant 
coaxial  beams  from  the  two  antennas  of  the  two 
radars  are  directed  through  a  dielectric  window 
into  an  8-foot-diameter  ballistic-range  tank. 

They  are  then  deflected  uprange  by  means  of  an 
expendable  radar  reflector  centered  on  the  flight 
axis.  The  backscattered  signals  (at  the  two  fre¬ 
quencies)  from  the  projectile,  which  are  "doppler 
shifted"  due  to  the  projectile  motion,  propagate 
back  along  the  same  paths  to  the  radar  antennas. 

It  has  been  found  that  mutual  interference  between 
the  two  radars  is  negligible.  The  doppler-shifted 
signals  are  detected  and  recorded.  The  magnitude 
of  each  signal,  at  any  instant,  is  a  measure  of  the 
radar  cross  section  of  the  projectile  at  that  parti¬ 
cular  range.  The  system  is  calibrated  by  trans¬ 
mission  of  a  signal  of  known  power  and  frequency 
from  a  known  distance  along  the  axis,  which 
simulates  in  all  respects  a  backscattered  signal 
from  a  projectile  in  flight. 


The  CW  doppler  technique  has  been  adopted  for 
a  number  of  reasons.  The  doppler  shift  in  the 
frequency  of  the  backscattered  signal  from  the 
projectile  is  of  sufficient  magnitude  to  make  it 
possible  to  use  the  doppler  technique  as  a  means 
of  discriminating  against  the  stationary  back¬ 
ground  signal.  A  combination  of  CW  nulling 
techniques,  together  with  a  simple  band-pass 
amplifier,  has  been  found  to  be  very  effective  in  the 
isolation  of  the  doppler  signal  from  the  stationary 
background  signal.  Because  of  the  large  doppler 
shift  (due  to  the  high  projectile  velocity),  it  is 
quite  practical  to  use  a  single  klystron  both  as  a 
transmitter  and  as  a  local  oscillator.  In  addition, 
since  the  doppler  shift  is  used  to  discriminate 
against  unwanted  background  signals,  a  single 
antenna  for  both  transmission  and  reception  can 
be  used.  The  resulting  unit  is  simple  toconstruct, 
operate,  and  maintain. 


With  CW  operation  of  the  radar,  it  is  a  simple 
matter  to  calibrate  the  radar  accurately  by  the 
use  of  a  phase-locked  simulator. 

The  main  disadvantage  of  a  CW  doppler  radar, 
namely  the  absence  of  range  resolution,  is 
unimportant  in  the  present  application.  The  exact 
location  of  the  projectile  at  any  instant  of  time  is 
determined  by  spark  shadowgraph  chronograph 
stations  along  the  length  of  the  ballistic  range. 


The  choice  of  radar  frequency  is  governed 
primarily  by  two  factors.  First,  it  is  important 
to  minimize  the  angular  spread  of  the  radar 
beam  so  that  interference  from  multiple  reflected 
signals  caused  by  the  presence  of  the  walls  of 
the  firing  range  is  reduced  as  much  as  possible. 


Primich(3)has  shown  that,  for  practical  dimen¬ 
sions  of  evacuated  ballistic  ranges  (diameters  of 
not  less  than  6  feet),  the  radar  frequency  should 
be  above  30  Gc.  This  ensures  a  useful  operating 
range,  free  from  interference,  of  about  30  feet. 
Second,  the  radar  frequency  should  be  near  the 
plasma  frequency  of  the  ionized  flow  field  in 
order  to  maximize  the  radar- plasma  interaction. 
Reference  to  stagnation- point  plasma  frequencies 
(see,  for  Instance,  Musal^))  indicates  that  radar 
frequencies  throughout  the  entire  microwave 
spectrum  up  to  3,  000  Gc  are  of  interest.  With 
these  considerations  in  mind,  an  initial  choice  of 
35  and  70  Gc  for  the  radar  frequencies  was  made. 

In  the  type  of  study  for  which  these  radais  are 
intended,  it  is  of  interest  to  compare  the  dyiamic 
radar  cross  section  of  a  body  due  to  plasma 
effects  to  the  radar  cross  section  of  the  body  in 
the  absence  of  ionization.  The  latter  is  most  con¬ 
veniently  measured  in  a  conventional  model  radar 
range.  In  this  instance  there  is  no  need  to  scale 
the  body  size,  since  the  radar  cross  section  can 
be  measured  directly  before  launching  provided 
that  a  static  radar  range  which  operates  at  the 
same  frequency  as  the  doppler  radar  is  available. 
For  this  reason  a  static  radar  range  with  be th  35 
and  70  Gc  radars  has  been  constructed  to  com¬ 
plement  the  dynamic  radar  measurement  equip¬ 
ment.  This  equipment  has  been  described  else¬ 
where  P) 

35  Gc  Radar  System 

A  block  diagram  of  the  35  Gc  radar  head  is 
shown  in  Figure  2,  and  details  may  also  be  seen 
in  the  photograph  of  Figure  6.  The  circuit  is 
basically  a  balanced  bridge.  The  heart  of  the 
bridge  is  a  hybrid  T  which  allows  a  single 
antenna  to  be  used  for  both  transmission  and 
reception.  The  background  signal  is  partially 
cancelled  by  tuning  the  bridge.  Provision  is  made 
to  monitor  the  frequency  and  power  radiated.  In 
addition,  part  of  the  transmitter  signal  is  used 
to  provide  local  oscillator  power  in  the  balanced 
mixer. 

The  antenna  is  a  right-circular  conical  horn 
with  lens  correction  to  provide  maximum  gain 
for  that  aperture  size.  The  gain  is  approximately 
30  decibel 8  and  the  beamwidth  is  about  6  degrees. 

The  doppler  amplifier  is  a  straightforward 
video  amplifier  with  a  flat  passband  from  0.  5 
Me  to  6  Me.  At  35  Gc  the  doppler  frequencies 
range  from  0.7  Me  to  1.  4  Me  for  velocities  from 
10,000  to  20,000  feet  per  second.  The  gain  oi 
the  doppler  amplifier  is  approximately  30  deci¬ 
bels.  The  doppler  signal  output  of  the  dopple  r 
amplifier  is  fed  to  two  dual-beam  oscilloscopes 
equipped  with  cameras  to  record  the  traces. 
Arrangements  are  made  to  view  the  entire  flight 
and  parts  of  the  flight.  At  least  one  channel  is 
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used  to  record  a  short  section  of  flight  in  which 
the  individual  cycles  of  the  doppler  signal  are 
visible. 

Radar  calibration,  which  is  necessitated  by 
the  requirement  for  absolute  radar  cross- section 
measurements,  is  accomplished  with  the  aid  of 
the  doppler  signal  simulator.  The  reflex  klystron 
in  the  simulator  is  phase  locked  to  the  35  Oc 
transmitter  frequency  at  a  variable  offset  fre¬ 
quency  .V By  settlijg  the  offset  frequency  equal  to 
the  expeciiJS  doppler  frequency  and  by  varying  • 
the  power  output  of  the  simulator  to  obtain  & 
curve  of  simulated  power  versus  radar  voltage 
output,  a  complete  calibration  of  the  radar  can 
be  obtained.  The  simulator  can  also  be  used  to 
measure  the  frequency  response  and  sensitivity 
of  the  radar  receiver  and  the  conversion  loss  of 
the  mixer  crystals.  With  the  simulator  antenna 
on  the  flight  axis  of  the  projectile,  the  free-space 
path  loss  can  be  measured  to  check  the  alignment 
of  the  radar  reflector  and  antenna. 

A  block  diagram  cf  the  35  Gc  doppler  simula¬ 
tor  is  shown  in  Figure  3.  A  35  Gc  reference 
signal  from  the  transmitter  klystron  is  fed  into  a 
balanced  crystal  modulator.  With  the  modulator 
tuned  to  suppress  the  original  carrier,  the  mod¬ 
ulator  output  frequencies  are  35,000  ±  (30  +  fj) 
Me,  where  (30  +  f^)  Me  is  the  modulation  fre¬ 
quency  >md  fj  is  the  simulated  dopper  frequency. 
A  bandpass  filter  at  the  output  of  the  modulator; 

\*  centered  at  the  upper  sideband,  35,000  + (30  > 
fd)  Me.  Some  of  the  power  from  the  simulator 
klystron  is  coupled  to  a  balanced  mixer  where  it 
is  mixed  with  the  upper  sideband  signal  obtained 
from  the  modulator  through  the  bandpass  filter. 
With  the  simulator  klystron  frequency  set  at 
(35,000  +  fd)  Me,  the  difference  frequency  at  the 
output  of  the  balanced  mixer  is  30  Me*  This 
30  Me  difference-frequency  signal  is  amplified 
in  a  wideband  30  Me  locking  amplifier^  The  out¬ 
put  signal  from  the  locking  amplifier  is  fed  Into 
a  30  Me  phase  detector  where  it  is  compared  to 
a  30  Me' reference  signal  from  a  stable  crystal 
oscillator.  When  the  simulator  klystron  la  phase 
locked  to  the  reference  signal,  the  output  at  the 
nhase  detector  is  a  DC  signal  proportional  to  the 
relative:  phase  between  the  30  Me  reference  sig¬ 
nal  from  the  crystal  oscillator  and  the  30  Me 
difference-frequency  signal,  obtained  by  mixing! 
the  upper  sideband  reference  signal  arid  the 
simulator  klystron  output  signal.  This  DC  signal 
is  fed  to  the  simulator  klystron  reflector  as  a 
frequency-correction  signal.  The  simulator 
klystron  thus  oscillates  et  (35,000  +  f<j)  Me,  f^ 
Me  above  the  transmitted  radar  frequency.  The 
frequency  of  the  simulated  doppler  signal  is  Bet 
by  varying  the  frequency  of  the  modulation  signal 
into  the  balanced  modulator.  The  lock-in  range 
of  the  phase-locking  circuit  is  sufficient  for  the 
frequency  of  the  simulated  doppler  signal  to  be 


varied  from  approximately  2,ero  to  4  Me.  The 
output  of  the  simulator  klystron  is  fed  through  an 
attenuator  to  a  waveguide  switch.  At  this  point 
the  power  is  measured  and  preset  to  any  desired 
level.  It  is  then  fed  to  the  simulator  antenna 
through  the  alternate  switch  output.  A  precision 
attenuator  in  this  branch  is  used  for  calibration 
of  the  radar. 


to  oc  uaaar  system 


The  70  Gc  rO"?  hted  is  similar  *o  the  35  Gc 


system  in  all  respects  except  tuat,  t*i  course, 
appropriate  70  Gc  components  are  used.  Both 
the  35  and  i0  Gc  anien***  are  des.^d  so  that 
"  the  usual  far -field  distance  IEDVa  )  ia  located  at 
!>he  r»dar  reflector  in  the  ballistic-range  tank. 


I A  block  diagram  of  the  70  Gc  doppler  simula¬ 
tor  is  shown  in  Figure  4.  The  balanced  modulator 
and  bandpass  filter  combination,  as  used  in  the 
35  Gc  simulator,  could  not  be  used  here  to  pro¬ 
duce  the  upper  sideband  at  70, 000  +  (30  +  fd)  Me 
because  a  suitable  filter  was  not  available. 
Instead,  a  single  sideband  generator  was  designed 
for  this  purpose.  The  single  sideband  generator  ia 
adjusted  to  cancel  the  lower  sidebands  produced 
at  the  two  crystal  modulators  by  adjusting  their 
relative  phases  to  be  in  phase  opposition.  Reduc¬ 
tion  of  the  lower  sideband  to  about  20  db  below  the 
upper  sideband  is  adequate  for  present  purposes. 
In  all  other  respects  the  operation  of  the  70  Gc 
and  35  Gc  doppler  signal  simulators  is  similar. 


Radar  Installation  on  the  Ballistic  Range 


layout  of  the  two  radars  relative  to  the 
ballistic  range  is  shown  schematically  in  Figure 
5,  and  a  photograph  of  the  equipment  Is  shown  in 
Figure  6. 


The  radar  chamber  consists  of  a  50-foot-long 
tank,  8  feet  In  diameter,  located  at  the  end  of  the 
ballistic  range.  The  uprange  end  of  the  tank  is 
lined  with  microwave  absorbing  material  to  mini¬ 
mize  the  effect  of  rarige  wall  reflections  on  the 
"radars.  The  radar  reflector,  which  is  made  of 
thin  sheet  eluminunv  is  suspended  across  the 
flight  line  at  45  degrees  to  the  flight  axis.  The 
supporting  framework  Is  designed  to  enable  the 
5h*?l  to  be  mounted  easily  and  accurately  in 
position.  The  sheet  is  replaced  after  each  firing. 


As  a  matter  of  convenience,  the  radars,  the 
recording  oscilloscopes,  and  the  doppler  signal 
simulators  are  all  placed  at  the  same  location 
near  the  dielectric  radar  window.  The  output  of 
each  simulator  is  transmitted  to  the  calibration 
point  through  low-loss  circular  waveguide.  Each 
calibration  antenna  and  its  ase  jciated  waveguide 
are  carried  on  a  boom  which  can  be  pivoted  to 
locate  the  antenna  on  the  flight  line  at  a  known 
radar  range,  or  along  the  side  of  the  tank  out  of 
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the  line  of  fire  and  out  of  the  main  radar  beam. 

The  calibration  point  is  approximately  19  feet 
from  the  radar  reflector. 

Operation 

Each  radar  is  calibrated  before  each  projectile 
flight.  The  radar  beam  is  optically  aligned  along 
the  flight  axis  and  the  calibration  antennais swung 
into  position.  The  simulator  klystron  Is  phase 
locked  to  the  transmitter  klystron,  and  simulator 
power  is  transmitted  downrange  to  the  radar. 

The  output  of  the  radar  doppler  amplifier  will  be 
a  sine  wave,  the  frequency  of  which  is  the  doppler 
frequency  being  simulated.  The  amplitude  of  this 
signal  is  proportional  to  the  simulator  power  and 
the  system  sensitivity.  The  sensitivity  of  the 
entire  radar  system  (including  all  insertion  losses 
and  diffraction  effects,  if  any)  can  then  be  deter¬ 
mined  by  a  measurement  of  simulator  power  and 
output  voltage  on  the  oscilloscope.  It  has  been 
found  adequate  to  calibrate  the  radar,  before  each 
firing,  at  only  one  simulated  doppler  frequency. 
From  time  to  time  calibration  over  the  entire 
doppler  frequency  spectrum  is  carried  out.  The 
response  is  essentially  flat  from  0. 5  Me  to  6  Me. 

During  the  projectile's  flight  the  oscilloscopes 
are  triggered  from  points  uprange  of  the  radar 
reflector.  With  four  recording  channels  per  radar 
available,  there  is  a  great  deal  of  flexibility  and 
Various  combinations  of  gains  and  sweep  rates 
may  be  used.  The  transmitter  power  is  monitored 
fcontinuously  at  the  time  of  firing,  and  the  absolute 
'value  is  measured  immediately  after  the  firing. 

i 

Data  Reduction 

On  a  typical  projectile  flight  the  following  infor¬ 
mation  is  available: 

1.  Position  as  a  function  of  time  (from  sha¬ 
dowgraph  chronograph  stations). 

2.  Stability  of  the  model  (from  shadowgraph 
stations). 

3.  Output  voltage  from  the  radar  as  a  function 
of  time.  An  example  of  this  record  is 
shown  in  Figure  7.  In  the  upper  trace  the 
output  voltage  is  shown  in  relation  to  pro¬ 
jectile  range  in  the  ballistic  range;  in  the 
lower  trace  a  part  of  the  upper  trace  is 
expanded  to  show  the  doppler  waveform. 

4.  A  calibration  record,  relating  (at  some 
particular  simulated  doppler  freauency) 
the  output  voltage  to  the  ratio  of  simulator 
power  to  transmitted  power  (Pc/P-r)- 

From  the  above  data  the  radar  cross  section  as  a 
function  of  distance  can  be  obtained. 

To  reduce  this  data,  the  first  step  is  to  convert 
the  output- signal  record  from  a  function  of  time 
into  a  function  of  range.  This  is  readily  done  by 
using  the  known  velocity  and  known  triggering 


point.  The  output  voltage  is  then  converted  into 
radar  cross  section  as  follows.  If  the  simulator 
power  (Pc)  is  adjusted  to  produce  some  particular 
voltage  E0,  and  if  E0  occurs  on  the  radar 
record  at  some  range  R0,  then  it  can  be  shown 
that 


„  4.  Pc  °c  Ro 


where  o  is  the  radar  cross  section,  X  is  the 
wavelength,  Pc  is  the  simulator  power  for  the 
output  voltage  Eq,  Pt  is  the  transmitter  lower 
(into  the  antenna  terminals),  Gc  is  the  gain  of  the 
simulator  antenna,  Gj^  is  the  gain  of  the  radar 
antenna,  Rq  is  the  radar  range  for  which  the  out¬ 
put  voltage  is  E0,  and  Rc  is  the  range  of  the 
simulator  antenna.  It  should  be  noted  that  this  is 
an  inherently  accurate  method  of  calibration  in 
that  only  the  ratios  Pc/Pt  and  Gc/Gr  are 
required,  obviating  the  necessity  for  absolute 
power  measurements.  Using  the  above  formula 
and  the  calibration  record,  the  radar  record  is 
converted  to  one  of  radar  cross  section  as  a 
function  of  range. 

Performance 

The  performance  of  the  radars  can  best  oe 
judged  by  the  results.  A  critical  test  is  to  observe 
the  flight  of  a  body  with  a  constant  radar  cross 
section,  such  as  a  sphere  or  a  blunt  body  with 
zero  angle  of  attack  throughout  the  flight.  An 
example  of  the  latter  type  of  flight  has  been  seen 
in  Figure  7.  It  will  be  noticed  that  the  signal 
Increases  monotonically  as  the  radar  reflector  is 
approached.  Reduction  of  this  type  of  record  has 
shown  that  the  radar  cross  section  remains  con¬ 
stant  within  2  decibels  over  most  of  the  radar 
range. 

Both  radars  have  been  used  to  track  bodies 
with  radar  cross  sections  of  one  to  ten  square 
wavelengths  over  the  full  50  feet  of  flight.  The 
most  useful  part  of  the  range  is  found  to  be  from 
the  calibration  point  at  19  feet  from  the  radar 
reflector  to  a  point  close  to  the  reflector.  As  the 
model  nears  the  radar  reflector,  it  approaches 
the  near  field  of  the  radar  antenna.  The  practical 
significance  of  the  near  field  is  that  the  antenna 
gain  decreases  rapidly  as  the  range  decreases. 
For  projectiles  which  are  off  the  beam  axis,  the 
near  field  extends  for  greater  distances  and  the 
gain  decreases  more  rapidly.  In  any  case,  the 
near -field  region  is  easily  recognized  by  a  rapid 
decrease  in  radar  cross  section  toward  the  end  of 
flight.  Both  the  35  and  70  Gc  radar  antennas  were 
designed  so  that  the  near  fields  do  not  extend 
beyond  the  radar  reflector  for  an  on-axis  projec¬ 
tile. 
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m.  RADAR  CROSS  SECTION  STUDY 

Theory  9 

The  radar  cross  section  of  a  body  can  be  pre¬ 
dicted  theoretically  in  exact  form  if  the  tangential 
components  of  the  electric  and  magnetic  fields 
induced  on  the  surface  of  the  body  by  the  incident 
radar  wave  are  known  exactly  (see,  for  example, 
MentzerW).  in  the  practical  situation,  the  exact  r 
fields  are  usually  not  known.  Thus  some  method 
must  be  used  to  obtain  approximate  values  of 
these  fields  when  the  body  and  the  incident  wave 
are  specified.  The  well-known  physical  optics 
approximation  is  often  used  when  the  body  is 
metallic.  In  essence,  this  approximation  takes 
for  the  tangential  induced  fields  on  the  surface  of 
the  body  a  magnetic  and  an  electric  field  which 
are  just  equal  and  opposite,  respectively,  to  the 
tangential  components  of  the  magnetic  and  electric 
fields  of  the  incident  wave.  An  integration  of  these 
fields  over  the  illuminated  surface  of  the  body 
then  gives  the  far-field  scattered-wave  intensity, 
from  which  the  radar  cross  section  is  determined. 
To  extend  this  theory  to  the  case  of  plasma- 
covered  metallic  bodies,  it  has  been  assumed 
that  the  effect  of  the  plasma  layer  Is  merely  to 
change  the  phase  and  amplitude  of  these  Induced 
fie’rts.  If  the  layer  is  very  thin  this  appears  to  be 
a  reasonably  valid  approximation.  The  far-field 
scattered  wave  is  then  computed  in  the  same 
manner  as  in  the  usual  physical  optics  approach. 


When  this  technique  is  applied  to  the  case  of  a 
metal  sphere  covered  by  a  thin  axisymmetric 
plasma  layer,  the  resultant  integral  for  the  nose- 
on  backscattering  radar  cross  section  (a)  can  be 
shownw  to  be 


where  Rtm  ^TE  31,6 

mode  reflection  coefficients  for  a  metal-backed 
plasma  layer,  given  by 

r_  .  Vm  +  gZ 
m  .  p  z 

1  +  RpTM  e 


RpTE  ~  6 
1  -  RdTE  ^ 


where  RpTM  and  RpTE 


are  given  by 


and  z  is  given  by 


1/2 


and  X  is  the  radar  wavelength,  a  istheradusof 
the  sphere,  and  h  is  the  thickness  of  the  plasma 
layer.  The  plasma  properties  are  defined  by  the 
normalized  plasma  frequency  Op  and  the  nor¬ 
malized  electron  collision  frequency  Oc,  wh*ch 


where  go  is  the  radar  angular  frequency  (2fff),  vc 
is  the  electron  collision  frequency,  cop  is  the 
plasma  frequency,  q  is  the  electric  cnarge 
carried  by  an  electron  and  m  is  its  mass,  N  is 
the  electron  number  density,  and  c  is  the  capa¬ 
citivity  of  freespace.  It  can  be  shown  that  If  the 
reflection  coefficients  of  the  layer  are  not 
functions  of  the  angle  of  incidence,  the  above 
integral  can  be  explicitly  evaluated  in  closed  form. 
This  is  not  the  case  for  a  plasma  layer.  Conse¬ 
quently,  the  integral  must  be  evaluated  numeri¬ 
cally. 

In  this  formulation  of  the  scattering  problem 
two  mechanisms  that  can  cause  a  decrease  in  the 
radar  cross  section  are  incorporated.  The  first 
is  real  power  ao sorption  in  the  plasma  layer  that 
occurs  when  the  electron  collision  frequency  is 
large  (losses  are  present),  the  plasma  frequency 
is  nearly  equal  to  the  radar  frequency,  and  the 
layer  is  sufficiently  thick.  Under  the  appropriate 
combination  of  these  three  variables,  the  plasma 
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layer  becomes  a  matched  lossy  absorber  coating 
on  the. metal  body  and  very  little  power  is  scat¬ 
tered  away  from  the  body.  The  combination  of 
parameters  required  for  this  to  occur,  for  normal 
incidence  of  a  plane  wave  on  a  plane  plasma- 
coated  metal  wall,  is  shown  in  Figure  8.  This 
corresponds  to  the  stagnation -point  conditions 
required  to  eliminate  the  nose-on  specular  point 
contribution  to  the  total  radar  cross  section.  It 
can  be  seen  that  there  are  multiple  values  (k  =  1, 

2,  3,  . . . )  of  parameter  sets  that  produce  total 
absorption.  The  thinnest  layer  (k  =  1)  that  will 
produce  this  effect  is  thicker  than  approximately 
one-third  the  free-space  wavelength  of  the  radar 
wave. 

The  second  mechanism  that  causes  radar 
cross-section  changes  is  the  diffraction  of  the 
backscattered  power  due  to  gradients  in  the  plas¬ 
ma  in  the  direction  parallel  to  the  metal  body 
surface.  This  effect  can  produce  large  decreases 
in  the  radar  cross  section  with  plasma  layers  as 
thin  as  one-tenth  the  free-space  radar  wavelength, 
with  or  without  losses  in  the  plasma,  provided 
the  plasma  frequency  is  greater  than  the  radar 
frequency  at  the  stagnation  point.  This  is  most 
effectively  demonstrated  by  Figures  9  and  10. 
These  figures  show  the  radar  cross  section  of  a 
metal  sphere  as  a  function  of  the  amount  of  the 
sphere  covered  by  a  uniform  thin  layer  of  plasma. 
Figure  9  shows  the  change  in  the  radar  cross 
section  as  the  layer  becomes  thicker.  It  can  be 
seen  that  a  layer  only  one-tenth  of  a  wavelength 
thick  is  necessary  to  give  appreciable  changes  in 
the  radar  cross  section  as  the  amount  of  angular 
coverage  is  changed.  Figure  10  shows  the  change 
in  the  radar  cross  section  as  the  electron  density 
changes  in  a  layer  of  constant  thickness.  A  change 
in  electron  density  from  critical  density  to  100 
times  critical  density  is  encompassed. 

To  test  the  validity  of  this  theory,  several 
experimental  measurements  have  been  made  on 
the  static  model  range  with  metal  spheres  and 
caps/8)  These  measurements  have  shown  that  the 
theory  is  reasonably  accurate,  provided  that  one 
does  not  consider  bodies  which  have  a  large  extent 
of  surface  nearly  parallel  to  the  direction  of 
incidence  of  the  radar  wave. 

Application  of  Theory 

In  order  to  predict  the  radar  e**oss- section 
changes  to  be  expected  in  the  ballistic- range 
studies,  it  is  necessary  to  know  the  spatial  varia¬ 
tion  of  the  electron  density  and  collision  frequency 
throughout  the  entire  shock  layer  around  the  body. 
The  computation  of  the  numerical  values  of  these 
quantities  in  the  flow  fieid  is  a  very  lengthy  aero¬ 
dynamic  calcuiation.  The  flow-fieid  calculation 
must  be  repeated  at  each  speed  and/or  pressure 
for  which  the  radar  cross  section  is  to  be  calcu¬ 
lated.  To  avoid  this  much  extensive  work  at  the 


present  time,  we  have  taken  some  representative 
approximations  of  the  flow -field  properties  for 
use  in  the  preliminary  radar  cross-section  calcu¬ 
lations  presented  here.  The  thickness  of  the 
plasma  layer  was  taken  to  be  the  thickness  of  the 
overdense  region  of  the  plasma  sheath  aroui  d  the 
body.  The  electron  density  and  collision  frequency 
within  this  overdense  region  were  taken  to  be  the 
stagnation- region  values  for  the  speed  and  ambient 
pressure  considered.  In  order  to  obtain  the  de¬ 
pendence  of  the  radar  cross  section  on  body  speed, 
the  way  in  which  this  overdense  region  thickens 
and  spreads  over  the  body  as  a  function  of  sfjeed 
was  interpolated  from  a  iimited  number  of  Cow- 
fieid  calculations.  The  radar  cross  section  was 
then  calculated  as  a  function  of  velocity  for  the 
ambient  pressure  used  in  the  ballistic- range 
studies.  The  theoretical  results  are  shown  in 
Figure  11,  along  with  the  experimental  data.  It 
can  be  seen  that  significant  fluctuations  in  the 
radar  cross  section,  of  the  order  of  16  decibels, 
are  predicted. 

The  real  significance  of  this  theoretical  calcu¬ 
iation  is  that  a  very  large  decrease  in  the  ra'dar 
cross  section  is  obtained  with  only  a  very  tlun 
(compared  to  the  radar  wavelength)  plasma  layer. 
The  details  of  how  the  radar  cross  section  varies 
with  speed  depend  critically  on  the  development 
of  the  ionization  around  the  body.  Thus  very  good 
flow-field  calculations  are  needed  before  exact 
comparisons  between  the  theoretical  and  experi¬ 
mental  results  can  be  made.  Conversely,  the 
measured  effect  is  a  sensitive  indicator  of  the 
actual  integrated  flow-fieid  properties. 

Experimental  Results 

In  the  experimental  program  the  range  pres¬ 
sure  was  held  constant  and  the  projectiles  were 
launched  at  the  desired  velocities.  In  the  present 
set  of  experiments  the  pressure  was  10  mm  Hg. 
All  launchings  were  carried  out  using  a  20-mm- 
bore  gun. 

The  air  in  the  range  was  analyzed  before 
arbitrarily  selected  firings,  and  was  found  to 
contain  only  constituents  normally  present  in  the 
ambient  atmosphere.  The  constancy  of  the  air 
properties  is  borne  out  by  the  reproducibilit>  of 
results  over  long  periods  of  time  (six  to  twelve 
months). 

The  projectile  used  to  obtain  the  resuits  pre¬ 
sented  here  was  a  cylindrical  piastic  body  with  a 
spherical  copper  nose  of  13  mm  radius.  The  pur¬ 
pose  of  the  metallic  nose  was  to  simulate  the 
radar  cross  section  of  a  metallic  sphere  of  the 
same  radius  over  a  sufficient  range  of  aspect 
angles,  and  also  to  provide  a  situation  in  whi£h, 
it  was  beiieved,  the  theory  of  electromagnetic 
wave  interaction  with  the  plasma  would  be  well 
understood.  This  modei  was  found  to  be  reasonably 
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stable  in  flight.  On  most  flights  the  oscillations 
were  within  ±10  degrees  and  on  good  flights  they 
were  within  ±5  degrees.  The  extent  to  which  this 
body,  in  the  head-on  aspect,  resembles  a  metal 
sphere  of  the  same  nose  radius  was  investigated 
by  measuring  the  static  radar  cross  section  in 
the  static  radar  facility,  which  has  been  des- 
cribedA5)  it  was  found  that  near  the  nose-on 
aspect  the  radar  cross  section  varies  with  aspect 
angle  by  only  a  few  decibels,  and  the  mean  value 
agrees  closely  with  the  sphere  value.  In  particu¬ 
lar,  the  variation  of  cross  section  for  a  ±10 
degree  aspect  variation  is  within  3  db.  It  Is 
evident  that  this  body  resembles  a  metallic  sphere 
quite  closely  if  the  oscillations  during  flight  are 
small. 

Results  of  flights  observed  with  the  35  Gc 
doppler  radar  are  shown  in  Figure  11.  The  spread 
of  the  data  is  almost  entirely  due  to  inflight  oscil¬ 
lations  of  the  model.  Taking  into  account  the  fact 
that  the  minimum  radar  cross  section  for  the 
static  model  occurs  at  head-on  aspect,  the  most 
probable  value  for  the  inflight  cross  section  is 
the  smallest  value.  Results  obtained  on  stable 
firings  with  negligible  oscillation  confirm  this. 

At  the  minimum  radar  cross-section  condition, 
the  signal  was  close  to  noise  and  the  actual  max¬ 
imum  decrease  could  be  greater  than  Indicated. 
The  theoretical  prediction,  which  was  discussed 
in  a  previous  section,  Is  also  shown.  The  agree¬ 
ment  between  the  theoretical  prediction  and  the 
experimental  measurements  is  apparent. 

Results  similar  to  those  shown  In  Figure  11 
have  also  been  obtained  with  the  70  Gc  radar . 

IV.  CONCLUSIONS 

Millimeter  radar  instrumentation  suitable  for 
studying  the  effects  of  the  plasma  sheath  associ¬ 
ated  with  hypersonic  flight  on  the  radar  cross 
section  of  projectiles  in  a  free-flight  ballistic 
range  has  been  successfully  constructed  and 
operated.  Several  novel  features,  particularly  a 
wire -grid  beam  splitter  and  a  doppler  signal 
simulator,  permit  simultaneous  continuous 
coaxial-beam  CW  operation  at  two  frequencies 
with  high  absolute  accuracy.  This  equipment  hals 
been  useful  in  exploring  an  interesting  plasma 
effect:  the  reduction  of  the  radar  cross  section 
of  a  plasma- sheathed  metal  body  when  the  plasma 
becomes  overdense. 

A  theoretical  model  that  quantitatively  pre¬ 
dicts  and  explains  the  changes  in  radar  cross 
section  caused  by  a  thin  plasma  layer  over  a 
metal  body  has  been  formulated.  Comparisons 
between  the  predictions  of  this  theory  and  the 
measured  effects  on  hypersonic  projectiles  in  a 
free-flight  ballistic  range  show  good  correlation. 


The  change  in  the  nose-on  backscattering radar 
cross  section  of  a  metal  blunt-nosed  body  when  a 
thin  shock- produced  layer  of  ionized  gas  covers 
the  body  serves  as  a  sensitive  indicator  of  the 
spatial  distribution  of  ionization  in  the  bow-sjiock 
region.  This  phenomenon,  when  more  fully 
explored,  may  hold  promise  as  a  new  flow -f  eld 
diagnostic  technique. 
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Figure  3  35  Gc  CW  Doppler  Radar- Doppler  Simulator 
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Figure  4  70  Gc  CW  Doppler  Radar- Doppler  Simulator 
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Figure  5  Radar  Installation  on  the  Ballistic  Range  -*  Schematic 


Figure  6  Radar  Installation  on  the  Ballistic  Range 


Figure  7 

Typical  Doppler  Radar  Record 
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Figure  9  Nose-On  Backscattering  Radar  Cro"s  Section  of  a  Plasma- 
Covered  Metal  Sphere:  Effect  of  Plasma  Thickness 


Figure  10  Nose-On  Backscattering  Radar  Cross  Section  of  a  Plasma- 
Covered  Metal  Sphere:  Effect  of  Plasma  Density 
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